Breastmilk output can be estimated from the mother's total body water and water turnover rates after oral administration of deuterium oxide. Usually the deuterium enrichments are determined using a isotope ratio mass spectrometer, which is expensive and requires a specialist for operation and maintenance. Such equipment is difficult to set up in developing countries. A less expensive method was developed which uses a Fourier transform infrared spectrophotometer (FTIR) for deuterium enrichment analysis. This study evaluated the constraints of using FTIR to study lactating women in Senegal. The deuterium isotope method was found to be adequate for free living subjects and presented few constraints except for the duration of the saliva sampling (14 days). The method offers the opportunity to determine simultaneously breastmilk output, mother's body composition, and breastfeeding practices. Deuterium sample enrichments measured with FTIR were fast and easy, but for spectrum quality some environmental control is required to optimize the results.
Introduction
Measurement of breastmilk intake is fundamental for infant nutrition in developing countries since it is well known that early introduction of weaning foods is one of the causes of child malnutrition [1] . In Africa, particularly in Senegal, while breastfeeding is widespread, only a small proportion of children are exclusively breastfed [2] . The conventional method for measuring breastmilk intake consists of weighing the baby before and after each feeding. This is time-consuming, inaccurate, and interferes with the mother's normal activities; also it cannot be used when the baby is fed on demand [3] . A more practical and accurate method is to measure breastmilk output by isotope dilution using stable isotope-labeled water. Deuterium oxide given to the mother or infant has been previously used [4] [5] [6] . Conventionally, sample enrichments were measured with an isotope ratio mass spectrometer, which is expensive, time-consuming, and requires a specialist for operation and maintenance. Such equipment is difficult to set up in developing countries. Hence, a fast, easy, and less expensive method was developed which uses a Fourier transformed infrared spectrophotometer (FTIR) to determine deuterium sample enrichments [7] [8] [9] [10] . This study tested the deuterium dilution technique in field conditions in developing countries and evaluated the constraints of using the FTIR to measure breastmilk output in lactating Senegalese women.
Subjects and methods
Eleven lactating Senegalese women and their infants took part in the study. The study was approved by the ethics committee of the University and informed consent was obtained from the subjects before starting the study. All the babies were full term and averaged 3.7 months old. The mean age of the mothers was 24 ± 4 years and parity between one and five. Anthropometric measurements (weight and height) were done at the beginning and the end of the study. A dose (30 g) of deuterium oxide (99.8% purity, Cambridge Isotope Laboratories Inc., Andover, Mass., USA) was orally administrated to the mothers and saliva samples were collected from both the babies and the mothers before (for the determination of the natural deuterium abun- Mention of the names of firms and commercial products does not imply endorsement by the United Nations University. Aïta Sarr Cissé, Leslie Bluck, Babou Diaham, Nicole Dossou, Amadou Tidiane Guiro, and Salimata Wade dance) and after administration of the dose, on days 1, 2, 3, 4, 13, and 14 (post-dose samples). Saliva from the mothers (~ 5 ml) was collected directly into small sterile vials. To obtain saliva from the babies, foam mouth swabs were cut and rolled around the baby's mouth until saturated. The foam was then placed in a 5-ml syringe, and the saliva squeezed into sterile tubes. This process was repeated until a sample of about 3-ml was collected. The samples were centrifuged for five minutes at 11,500 g and the supernatant kept at -20°C until analysis.
Use of Fourier transformed infrared spectrophotometer (FTIR) for determination of breastmilk output by the deuterium dilution method among Senegalese women
Enrichment of the saliva samples was measured using a Fourier transformed infrared spectrophotometer (Shimadzu 8300, Vienna, Austria) equipped with an automatic sample shuttle and a pair of matched calcium fluoride sample cells with 0.1mm path length. Before saliva measurement, the calibration procedure involved preparation of D 2 O calibrator by dilution of D 2 O with deionized water. The enrichment of this calibrator was confirmed by the isotope ratio mass spectrometer. For analysis, the pre-and post-dose samples were simultaneously loaded into the instrument and automatically positioned in the light beam. This minimizes any interfering effects due to the absorption of atmospheric carbon dioxide in the sample chamber. The infrared spectra were measured in the range 2,300 to 2,800 cm -1 . The magnitude of the response obtained from the FTIR is deducted from the deuterium absorption curve by an algorithm developed by the Medical Research Council-Human Nutrition Research (MRC-HNR). Breastmilk volume was determined from the FTIR spectra using Microsoft Excel software for the kinetic analysis. A simulation, analysis and modeling computer program was used for compartmental analysis [11] .
A two-compartment model described by Coward et al. [12] was used to generate best-fit estimates for maternal and infant water fluxes. Flow is taken as unidirectional between mother and baby ( fig. 1 ).
Results
The model predicts a monoexponential decay curve of deuterium in the mother's body water and a biexponential decay curve for deuterium appearance in the baby's saliva (fig. 2 ). The dotted points represent the experimental data of one mother-baby pair. The mean difference between the theoretical and the experimental data obtained from 11 pairs was 2 ppm and was less than the mean acceptable difference of 5 ppm. Table 1 shows water flux indices including initial D 2 enrichment Cm (0), total body water (TBW, D 2 space), fractional rate constants (kmm, kbb, and kbm), and steady-state transports (Fom, Fmo, Fbm, Fob, Fbo) of one mother-baby pair.
Maternal total body water (TBW) was calculated from D 2 enrichment at time zero corrected by 1.04, which is the D 2 space. For the calculation of breastmilk output, TBW of the baby was derived from Friis-Hansen's formula [13] . Breastmilk volume was obtained as Fbm /0.87, where 0.87 is the fraction of milk that is water, and Fbm the flow to the baby from the mother. The intakes of the baby other than milk (water and food supplements given to the baby) were estimated from Fbo.
The body composition of one mother is shown in table 1. The body composition was calculated from the TBW: TBW/0.73 for lean mass and body weight minus lean mass for body fat. The mean breastmilk intake and other metabolic water (food or water supplements) of the babies were 892 ± 108 g/day and 276 ± 185 ml/day, respectively.
Of the 11 lactating mothers in this study, only one was exclusively breastfeeding her baby: food or water supplement = 18 ml/day.
Discussion
Deuterium dilution is a non-invasive, simple, and safe method for measuring breastmilk output. The method is especially useful for estimating the breastmilk contribution to nutrient intake in non-exclusively breastfed infants [12] . In many deuterium dilution studies, an isotope ratio mass spectrometer (IRMS) was used for deuterium analysis and isotope doses were determined on the basis of body weight [4] [5] [6] 12] . The expensive instrumentation and the need to measure each dose after weighing the mother have limited the widespread use of this method in the field, particularly in developing countries. IRMS requires a specialist for operation and maintenance, and is somewhat tedious because for isotopic measurements, the water is first transformed to hydrogen or equilibrated with hydrogen. Other methods have been proposed including infrared spectrophotometry (FTIR). For deuterium analysis, FTIR has been validated against IRMS and can be used to measure the enrichment of biological fluid samples as accurately as IRMS [7] [8] [9] [10] .
In this study a fixed isotope dose of 30 g was given to the mother. Conway et al. previously demonstrated that 30 g of deuterium oxide provide adequate enrichment in body fluids [10] . This dose is equivalent to 0.5 g/kg of body weight, as compared to the usual dose of 0.1 g/kg for IRMS analysis. The use of a larger deuterium dose did not pose any risk to the subjects [4, 14] and the cost is lower than that for the IRMS.
The results of breastmilk intake obtained in this study were comparable with those for well-nourished women from the industrialized countries and indicated that the breastmilk production of these Senegalese women was not impaired [15] . Despite a claim of exclusive breastfeeding by the mothers, the deuterium dilution method showed that only one baby was exclusively breastfed. In a recent national survey, 23.5% of the mothers stated that they were exclusively breastfeeding their infants [2] . The discrepancy between inquiries and measures makes the deuterium dilution method a good tool for assessing breastfeeding practices.
The deuterium dilution method using FTIR was easy to use, adequate for free living subjects, and presented few constraints except for the duration of the saliva sampling (14 days), which may cause some subjects to drop out. Mothers and babies accepted it without any resistance, the adequate quantity of saliva was easily obtained. The method was safe, simple, and accurate. The FTIR was fast and rapid but, for optimum spectrum quality, some environmental controls are required (temperature, humidity, dust, vibration, and smoke free atmosphere). In conclusion, the minimal time required for analysis and sample preparations for measurement of deuterium enrichment with FTIR make it suitable for community evaluation studies in developing countries. Cm(0), intercept of the curve for the disappearance of D from the mother's saliva. Kmm, rate constant for irreversible loss of water for the mother. Kbb, rate constant for irreversible transfer of water for the baby. Fbm, water flux from the mother to the baby. Kbm, rate constant for irreversible transfer of water from the mother to the baby. Fbo, water flux from outside to the baby.
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